This paper reports on the development of a technology for the wafer-level fabrication of an optical Michelson interferometer, which is an essential component in a micro optoelectromechanical system (MOEMS) for a miniaturized optical coherence tomography (OCT) system. The MOEMS consists on a titanium dioxide/silicon dioxide dielectric beam splitter and chromium/gold micro-mirrors. These optical components are deposited on 45° tilted surfaces to allow the horizontal/vertical separation of the incident beam in the final microintegrated system. The fabrication process consists of 45° saw dicing of a glass substrate and the subsequent deposition of dielectric multilayers and metal layers. The 45° saw dicing is fully characterized in this paper, which also includes an analysis of the roughness. The optimum process results in surfaces with a roughness of 19.76 nm (rms). The actual saw dicing process for a high-quality final surface results as a compromise between the dicing blade's grit size (#1200) and the cutting speed (0.3 mm s −1 ). The proposed wafer-level fabrication allows rapid and low-cost processing, high compactness and the possibility of wafer-level alignment/ assembly with other optical micro components for OCT integrated imaging.
Introduction
Microelectromechanical systems (MEMS) are miniaturized integrated devices or systems that combine electrical and mechanical components. Micro opto-electromechanical systems (MOEMS) are a special class of MEMS, which adds sensing and manipulation of optical signals in a very small device [1, 2] . Examples of MOEMS applications include: micro-mirrors [3] , micro beam-splitters (MBS) in micro interferometers [4, 5] , optical scanners [6] , scanning micro-mirrors [7, 8] and micro spectrometers [9] . The merits of MOEMS fabrication, as compared to conventionally fabricated bulky opto-electromechanical systems, are: miniaturized dimensions, reduced weight and high speed of operation. Moreover, the use of photolithography on wafers enables batch producpresented in this paper is based on the use of a glass substrate, hence, is not aiming on a single-wafer CMOS-compatible MOEMS.
The early application areas of MOEMS were in optical communication and micro-mirror arrays [10] . The current directions are mainly on the use in miniaturized instruments and devices for biology, medicine, chemistry and physics [5] . This trend towards the miniaturization of optical subsystems has significantly affected the design of medical tools, but has also become a key issue on biomedical imaging. Miniaturization of medical devices has made minimally invasive and non-invasive techniques possible. The merits of such approaches for examining a patient are: the reduced side effects, by inserting a much smaller tool or no tool at all, and the portability, which is limited considering the bulky devices. A modern medical imaging technique to which this technological development has been particularly beneficial is optical coherence tomography (OCT) [11] . MOEMS has started to play an important role in the development of OCT miniaturized systems. At the core of these applications is light interferometry, which is a key optical phenomenon for which the miniaturized scanning interferometers are the controlling manipulating devices [3, 5, 6, 12] .
OCT is an optical imaging modality that enables the reconstruction of the cross-sectional view of biological tissue, by measuring the echo time delay and magnitude of back-reflected light. OCT is comparable to ultrasound imaging, but makes use of near infrared (NIR) light instead of acoustic waves [11, [13] [14] [15] . The OCT concept was firstly presented by Hung et al, in 1991 [16] and the first in vivo image was presented by Fercher et al in 1993 [17] . As the propagation velocity of light is much higher than that of sound, the direct measurement of the echoes cannot be performed electronically, as in ultrasound imaging. Therefore, the operation principle of OCT is based on the interference between two signals: one from the object under investigation and another from a local reference. This concept is referred as low-coherence interferometry (LCI) [11, 13] . In LCI, the light back-reflected from inside a specific object under investigation is measured by correlating it with light that has travelled a reference path of well-known length. The conventionally used configuration of LCI for OCT applications employs the Michelson interferometer for interfering the two light beams. A NIR source emits a light wave to a beam-splitter (BS), which divides the light into two waves. One part travels to a reference mirror, which reflects the light wave directly back to the BS. The second wave travels to the sample being analysed. Depending on the optical properties of the sample, light can be absorbed, refracted and reflected. The back-reflected light from the sample interferes with the reflected light from the reference mirror, and the interference is finally detected with a detector system at the output of the Michelson interferometer.
There are two approaches for implementing LCI in OCT: time domain (TD-OCT) and frequency domain (FD-OCT), as represented in figure 1 . The FD-OCT approach can be implemented in two system configurations: based on a spectrometer (SD-OCT), or based on a swept source or tunable laser (SS-OCT). Although the initial OCT generations were operated in TD, present systems are operated in the FD, because the need of a moving mirror, which is an essential component in TD-OCT for depth scanning, is avoided [11, 13, 14, 18] .
State-of-the-art systems are bulky and are operated as FD-OCT, using either a spectrometer or a tunable laser [19] . These systems are mainly used in clinical practice, particularly in ophthalmology [20] . This paper is intended to contribute to the current trend of scientific research towards OCT miniaturization using MOEMS technologies [6, 21] , which would make the concept suitable for application in other medical fields, such as endoscopy [22] and dermatology [19] .
The 45° saw dicing process is introduced in this paper and optimized for the fabrication of the optical components that are required in a micro Michelson interferometer for use in a complete FD-OCT system. The wafer-level fabrication is based on two simple MEMS technologies: the saw dicing of a glass substrate, using custom made dicing blades, and thin film deposition of a dielectric multilayer and metallic layers. A similar 45° saw dicing process of glass wafer was already presented in literature [23] [24] [25] . To the best of our knowledge, this is the first attempt for using such a technology for OCT applications.
Methods

Design and architecture
The micro Michelson interferometer is obtained with a micro BS and micro mirrors, as presented in figure 2 . This MOEMS prototype is intended for the NIR range of 800-900 nm, which is typically used in FD-OCT applications. The use of 45° surfaces is selected for enabling lateral propagation of the reflected light beams, which enables vertical and horizontal separation of the incident beam and would simplify future integration with other micro optical components [24] [25] [26] [27] . The wafer level dicing of glass substrate is carried out by custommade 45° dicing blades. As is demonstrated in figure 1 , a dielectric multilayer is deposited onto the central 45° surface, which allows the splitting of the incident beam. Additionally, metal layers are deposited onto two other 45° surfaces for operation as micro-mirrors for sensing purposes and for directing the light beam to the output of the Michelson interferometer. Another micro-mirror is deposited at the bottom of micro BS for defining the reference path by reflecting the beam directly from the optical source.
Different dielectric multilayers can be deposited onto the central 45° surface, depending on the split ratio required for a specific FD-OCT application (polarizing or non-polarizing dependent). For the proposed prototype, the split ratio should be wavelength-independent over the specified spectrum (800-900 nm). Moreover, the multilayer should be tolerant to fluctuations in the (optical) layer thicknesses, which implies a minimum number of layers to be used. A combination of low and high refractive indexes materials was used for obtaining a 50/50 non-polarizing split ratio. Silicon dioxide (SiO 2 ) and titanium dioxide (TiO 2 ) were the materials chosen for the implementation of the low and high refractive indexes, respectively. A continuous target was defined to obtain a 50% transmittance/ reflectance in the S and P polarizations, while an incidence angle of 45° was defined in the setting of TFCalc ™ simulation tool. After optimization, a split ratio of approximately 50/50 was obtained in the specified NIR region with only four thin-film layers, with values of the layer thickness as listed in table 1. An average reflectance of 49.6% was obtained with this multilayer over the NIR range. The NIR micro-mirror was obtained with an initial adhesion thin layer of chromium (Cr) and a layer of gold (Au). The TFCalc ™ simulations reveal that a stack of 50 nm/250 nm thickness of Cr/Au has a reflectance higher than 97% over the specified spectral range. 
MOEMS fabrication
The fabrication of the proposed micro Michelson interferometer on a glass substrate (borosilicate glass; thickness = 700 μm; diameter = 4 inch; 2-side polished) is based on two simple microfabrication technologies: the saw dicing of glass substrate and thin film deposition. The complete MOEMS fabrication flow is presented in figure 3 . The glass wafer was firstly micromachined using an automatic Disco DAD 2H/6T dicing saw and 45° custom made dicing blades. Selecting a compromise between the dicing speed and the grit size of the blade is essential for process optimization in terms of final surface quality. For this purpose, tests have been performed using 45° custom made and conventional rectangular shape blades. The second part of micro fabrication consists on the deposition of the dielectric multilayer and metallic layers, for obtaining the micro-BS and micro-mirrors, respectively. The dielectric multilayer of TiO 2 /SiO 2 was deposited by RF magnetron sputtering at 13.56 MHz. A Ti-metal target of high purity (99.7%) was used for TiO 2 reactive magnetron sputtering, using a gas flow of 10 and 20 sccm for sputtering (Ar-argon) and reactive (O 2 -oxygen) gases, respectively. For SiO 2 magnetron sputtering, a target of SiO 2 (99.9995% of purity) and a gas (Ar) flow rate of 15 sccm were used. The electron beam technique was used for Cr deposition, with Cr pellets placed inside a crucible based in graphite. Finally, the Au layer was deposited by thermal evaporation, using a gold pellet placed in the boat heater.
45° saw dicing
The saw dicing process of glass substrate was optimized for a minimum roughness, to result in low scattering at the optical surface after the deposition of the dielectric and metallic layers. Three different custom made blades with two different grit sizes were used (obtained from Disco technologies, Japan) to perform the 45° and 0° final surfaces. The grit size basically defines the roughness distribution over the blade. The blade reference number and some technical details of the different blades are listed in table 2. The thickness of 45° shaped blades was chosen according to the height required in the final microstructure. B1V863S3 SD800 #800 500 45 B1V863S3 SD1200 #1200 500 45 B1A863S3 SD800 #800 500 0 a Cross-sectional view. The diamond grit size and the cutting speed are the two parameters that have a great influence on the roughness of the final surface. Different cutting speeds were tested for each dicing blade in order to study the influence of grit size and cutting speed on the surface's quality. The cuts were carried out using an automatic Disco DAD 2H/6T dicing saw, which permits high precision cuts for miniaturized applications. For each pair grit size/ cutting speed, six roughness measurements were performed with a profilometer (Dektak model 150 with a 12.5 μm radio stylus, using a force of 3 mg). The measurements were made at six randomly selected places of two cuts. After that, the mean was calculated for each pair cutting speed/dicing blade. ).
Results and discussion
The roughness measurements of the dicing cuts performed with the rectangular shape blade B1A8 SD800 are listed in table 3. Figure 5 shows the roughness behaviour at varying cutting speed. The blades with references B1V8 SD800/1200 were tested with the same fabrication parameters (height and cutting speed), in order to obtain a comparative analysis between grit size and cutting speed. Tables 4 and 5 contain the roughness measurements of the blades B1V8 SD800 and B1V8 SD1200, respectively. The average (rms value) of the six measurements was calculated and used to obtain the curves in figure 6 , where the variation as a function of cutting speed is compared between the two 45° custom made blades.
Generally, it can be concluded that the roughness is directly proportional to the cutting speed of the saw dicing process (i.e. the lowest roughness values are obtained with the lowest cutting speed). The results indicate a high roughness of the surfaces performed with the conventional rectangular shape blade B1A8 SD800. The highest roughness obtained was 76.33 nm with a cutting speed of 1.0 mm s , as is shown in figure 5 . This type of rectangular shape blade is used to obtain the horizontal surfaces, which separate the different micro optical components of the MOEMS proposed in this paper.
When the results of the rectangular shape blade are compared to the 45°-shaped blade with the same grit size (#800), it can be noted that the roughness is lower in the cuts performed with B1V8 SD800 than in the cuts performed with the blade B1A8 SD800. Comparing the two 45° shaped blades, with different grit size (#800 and #1200) reveals that the two 45° dicing blades have very similar velocity-roughness characteristics, as the rectangular shape blade. The results of blade B1V8 SD800 show a lowest roughness of 22.37 nm with a cutting speed of 0. . Comparing the same cutting speed in these two blades, the thinnest grit size (#1200) revealed a lower roughness (nm) for all three cutting speeds considered. Therefore, the roughness reduces with thinner the grit size (i.e. higher grit number), as is shown in figure 6 . The selected operating mode, based on lowest roughness, was with the thinnest grit size (B1V8 SD1200) and with the lowest cutting speed (0.3 mm s −1 ). Figure 6 shows the minimum average roughness with an rms-value of 19.76 nm. Microscope photographs on some of the cuts used in the roughness optimization process (obtained with a Leica M80
™ stereo microscope and processed in Leica LAS ™ software) are shown in figure 7 . A difference in z-index should be selected for cuts performed with rectangular shape blades and those with 45°-shaped blades. The appropriate value is 0.2 mm. Basically, the z-index should be re-adjusted in the final cuts, according to the height required for the final microstructure.
After the roughness analysis and the re-adjustment of the dicing cuts parameters, the complete MOEMS was fabricated and the result is presented in figure 8 . The height of the 45° cuts is 400 μm and the distance between the different tilted surfaces is approximately 2 mm. An average angle (rms value) of 45.07 ± 0.20° was obtained in the final, tilted surfaces. A combination of high grit size and low cutting speed and the thickness of the blades allows a high precision of the 45° saw dicing process. In fact, the roughness of the final surface is also correlated with the precision of the process, as can be concluded from the results. Figure 6 . Roughness variation according to grit size and cutting speed for the 45° custom made dicing blades B1V8 SD800 and B1V8 SD1200.
Conclusion
In this paper a roughness analysis was performed on dicing cuts that result from micro fabrication based on the 45° saw dicing of glass substrate using custom-made dicing blades. ). The saw dicing process was fully characterized to enable the reduction of the structural dist ortions in the entire process, particularly in the consequent thin film deposition. With the roughness analysis and optimization, a reduced structural distortion can be assured. The roughness in the final surface reduces with the structural distortion.
The 45° saw dicing process of a glass substrate proved to be a highly suitable MEMS process for future micro integration of different optical components in a single microsystem. Moreover, it was shown that the Michelson interferometer can be obtained with a micro BS formed by a four layer design with TiO 2 /SiO 2 combined with Cr/Au micro mirrors for appropriately directing the light beams through the structure. The micro BS presented in this paper was designed for 50/50 nonpolarizing split ratio. Depending on the requirements of the application, different split ratios can be easily obtained by changing the dielectric multilayer design. The use of the 45° surfaces allows the horizontal/vertical separation of the incident beam, which is a crucial factor for future integration with other optical components in a complete FD-OCT microsystem.
The fabricated MOEMS offers high compactness and the possibility of wafer-level alignment/assembly, which makes it highly suitable for vertically integrated imaging microinstruments. To the best of our knowledge this is the first steps towards OCT miniaturization using optical MEMS technologies on a glass substrate. The future work and motivation is the integration of the proposed micro Michelson interferometer with a micro spectrometer, using MEMS technologies, in a complete SD-OCT micro-system.
